Introduction
Archeological studies have revealed that the radiant heating system can be traced back to ancient Asia (Chinese kang and Korean ondol) and Europe (Roman hypocaust) [1e3] . In the early development of the system, it was mostly operated via hot flue gases passing through the underfloor space. Since polyethylene was adopted as a piping material in the early 20th century, the application of water-based (hydronic) radiant heating systems began to increase in Europe [4] . The radiant cooling system has proved to be successful if used in conjunction with a ventilation system [4] .
Recently, radiant heating and cooling (RHC) systems have been widely applied not only in residential but also in non-residential buildings such as office buildings, retail stores, schools, and even large scale buildings such as airport terminals, railway stations, etc. Radiant floor heating systems are installed in almost all residential buildings in Korea [1] and 85% of rural houses in northern China [3] . It has been reported that 30%e50% of new residential buildings in Germany, Austria and Denmark are equipped with a radiant floor heating system [5] , while its application has been extended to cooling purposes in mild climates such as Europe and North America. Furthermore, with the combination of a ventilation system to handle latent load, the radiant cooling system has proven to be feasible in hot and humid climates such as China, Thailand, Singapore, India, etc.
In contrast to conventional heating and cooling systems, the RHC system operates based on three heat transfer modes in order to provide necessary thermal capacity. Additionally, it needs to be supplemented with a ventilation system because radiant systems basically only deal with sensible load. In particular, the radiant cooling system should be designed to prevent condensation on radiant surfaces as mentioned earlier. These characteristics may make it difficult to design, install, and control the RHC system. Nonetheless, applications of the RHC system have been steadily increasing because of its high thermal comfort level, quiet operation, energy saving potential, integration with building design, and so on.
These merits have motivated numerous studies on the RHC system in terms of comfort, heat transfer analysis, energy simulation, control strategy, and system configurations, which have contributed to the establishment of fundamental theory and to practical applications of RHC systems. The requirement to improve the performance and extend the applicability of the RHC system is providing continuous impetus for research on RHC systems. This paper summarizes the important issues on the research of the RHC system, whereby ten questions and answers concerning the RHC system are discussed, which will help researchers to conduct relevant studies.
Ten questions and answers

General
1)
What is the definition of the radiant heating and cooling (RHC) system?
In general, the RHC system is defined as a system in which radiant heat transfer covers more than 50% of heat exchange with a conditioned space [6] . Compared to all-air systems which depend on convection only, the RHC system provides heating and cooling by the combination of radiation and convection in a building [7, 8] . Depending on the position of the piping in the building, the RHC system is usually classified into either (i) embedded surface systems (pipes placed within a building layer (floor, wall, ceiling) which is isolated from the main building structure: Fig. 1(a) [9, 10] ), (ii) thermally activated building system (pipes integrated into main building structure (ceiling, wall, floor): Fig. 1(b) [9, 10] ), or (iii) radiant panel system (pipes integrated into light-weight panels: Fig. 1 (c) [6, 9] ). For heating, it is also possible to use electric cables instead of pipes.
2) What are the international standards or guidelines on the design, installation, and control of the RHC system?
Various technical guidelines have been published to provide design criteria, thermal capacity calculation, and dimensioning of the RHC system [6, 7, 9] Recently, ISO/TC 205 has developed a comprehensive set of international standards (ISO 11855 parts 1 to 6) that specify comfort criteria [12] , determination of heating and cooling capacity [10, 13] , design and dimensioning [14] , installation [15] and control [16] of the RHC system. ISO 11855 can be applied to an embedded surface system and thermally activated building system (TABS) which are integrated into the wall, floor, or ceiling without any open air gap [17] . For a testing method, EN 1264-5 defines the determination method of the heating capacity of the wall and ceiling heating surfaces, and the cooling capacity of the wall, ceiling and floor cooling systems [18] .
Standards for hydronic radiant heating and cooling panel systems are currently being developed [19] (ISO 18566 series), which will include technical requirements, determination of heating/cooling capacity, design, and control of ceiling mounted radiant panels. Test methods of cooling capacity for the radiant panel system are specified in EN 14240 [20] and ANSI/ASHRAE 138 [21] . For technical guidelines, the ASHRAE handbook [6] deals with principles of radiant systems, heat transfer calculation, general design consideration, electrically heated radiant systems, design procedure, and controls. The REHVA guidebook [9] includes system types, heating/cooling capacity, control, operations, and installation of low temperature heating and high temperature cooling systems. A recent guideline for the TABS provides information on the design, commissioning, operation, and control of GEOTABS, which is a geothermal heat pump combined with a thermally activated building system [22] .
Comfort
3) What are the advantages of RHC systems in terms of thermal comfort compared to conventional air systems?
By utilizing the radiant heat transfer between the human body and radiant surfaces, a radiant heating system can achieve the same level of thermal comfort at a lower air temperature and a radiant cooling system can provide the equivalent thermal comfort at a higher air temperature [8, 9] . Due to the small temperature differences between a heated or cooled surface and the occupied space, the RHC system can benefit from the self-regulating effect, which can provide a stable thermal environment to the occupants within the space [23] .
In addition, the RHC system can provide an ideal vertical air temperature gradient [5, 24, 25] as shown in Fig. 2 and mitigate cold draught due to excessive air movement [26e28], because it operates using significantly less air flow compared to conventional air systems. Corgnati et al. showed that a chilled ceiling combined with mechanical ventilation can significantly decrease the draught risks by reducing the vertical drop of an air jet, which is often observed in all-air systems [26] . Hao et al. claimed that a chilled ceiling with displacement ventilation could not result in draught risk, if the heat removal by the chilled ceiling is less than 100 W/m 2 [27] . Objective Fig. 1 . Classification of the radiant heating and cooling system [11] . measurements and a subjective survey by Lin et al. showed that radiant heating systems reduce draught risk and local discomfort in the feet region due to small temperature fluctuations and vertical temperature gradients [28] . Even though the RHC system can minimize the draught risk due to excessive air movement, it can cause a sensation of stagnant air, which makes occupants claim more air movement. For this reason, it is necessary to ensure the appropriate air movement or ventilation performance, while reducing the draught risk. The ventilation system (e.g. displacement ventilation) combined with the RHC system has been recommended to provide air movement and ventilation performance in the occupied space with the RHC system. Although the RHC system can provide improved thermal comfort by utilizing radiant surfaces, the floor surface temperature needs to be carefully considered to prevent the local discomfort because the human body usually is in direct contact with the floor surface. In ASHRAE Standard 55 and ISO EN 7730, the recommended floor surface temperatures are between 17 C and 29 C [29, 30] . Particularly for radiant floor cooling, provided the floor surface is not less than 19 C, the indoor thermal environment conforms well to the comfort standards [9, 31] . However, it should be noted that acceptable surface temperatures can differ depending on the type of lifestyle (seated/lying on the floor etc.) and the floor surface materials are important for occupants not wearing shoes [12, 32, 33] .
A simulation study revealed that, in U.S commercial buildings, the radiant cooling system can provide more stable indoor temperature and humidity over a 24-h period than the all-air system [34] . In a field study for an office building with radiant slab cooling, it was demonstrated that the average vertical air temperature difference between the ankle and head was about 0.5 K, and the average draught rate was about 4%, which indicates that radiant slab cooling is effective in reducing local discomfort [25] . It was reported that a chilled ceiling system can achieve identical thermal comfort to that of the all-air system, with a room air temperature 2 K higher [27] . Measurements and questionnaires conducted in Dutch schools with TABS installed showed that the users are more satisfied during winter compared to traditional heating systems [35] . Comparative analysis on thermal comfort showed that radiant ceiling cooling achieves more uniform comfort conditions than convective terminals [36] . A recent survey conducted on the users of adjacent buildings with variable air volume (VAV) and radiant cooling system showed that the "satisfied or very satisfied" category increased from 45% in the zone with the all-air system to 63% in the zone with the radiant system, as shown in Fig. 3 [37] .
Although previous studies have demonstrated that the RHC system can provide thermal comfort for occupants in energyefficient ways, other issues on indoor environment quality need to be considered when designing or operating the RHC system. For example, the room acoustics in a building with TABS can deteriorate due to sound propagation, because the TABS is generally installed without any sound absorber in order to maximize the thermal capacity. To reconcile this conflict between thermal capacity and noise, Machner suggested finding an optimum ceilingcoverage ratio by free-hanging sound absorbers that can minimize the trade-off between thermal and acoustic conditions [38] . Rage et al. showed that the 60% coverage ratio by floating acoustic panels reduces cooling capacity by 15.8% and increases the operative temperature by 0.9 K. Both for acoustic and thermal reasons, Rage et al. suggested placing free-hanging acoustic panels or baffles as far from the slab as possible, and combining them with wall absorbers [39] .
Regarding the indoor air quality, radiant heating systems are beneficial in reducing dust transportation compared to convective heating systems [5] . Considering that the indoor air is perceived to be better at lower air temperatures [40] , people may perceive better indoor air quality in a building with radiant heating systems, because the air temperature can be kept lower than conventional buildings [5] . As the radiant system cannot remove latent load or pollutants, additional ventilation systems need to be incorporated. It was shown that the displacement ventilation system guarantees high levels of indoor air quality for a chilled ceiling system [41] and even for radiant floor heating system [42] . Mixing ventilation can also be combined with the radiant cooling system in order to satisfy not only the ventilation requirement but also thermal comfort [41] .
Energy performance
4)
What is the core principle of energy saving by the RHC system compared to conventional air systems?
The thermal medium of the RHC system is usually water, which can transport approximately 3500 times more heat than the same volume of air. Thus, the transportation energy for the thermal medium can be significantly reduced compared to conventional air systems. In addition, the lower water temperature required for heating and the higher water temperature required for cooling can improve the plant efficiency, which contributes to reducing primary energy consumption. In addition, the RHC system can provide an acceptable thermal comfort level by utilizing radiant heat transfer and large surfaces for the heat transfer. This makes it possible to maintain a lower air temperature for heating and a higher air temperature for cooling, resulting in lower energy use for ventilation compared with conventional air systems [8, 9, 43, 44] . The large surface area facilitates a small temperature difference for the heat transfer, rendering it possible to use a higher water temperature for cooling and a lower water temperature for heating. In addition to the energy saving effect by lowering the air temperature, further energy saving is obtained with the following principles.
Thermal medium with high thermal capacity
The RHC system generally adopts water as the thermal medium, which has a much higher thermal capacity than air. This can result in reducing transporting energy consumption compared to conventional air systems in which the air in the entire room needs to be warmed or cooled. Even though the RHC system requires some energy for the purpose of ventilation, it has been reported that the transporting energy for the radiant cooling system (electricity for fans and pumps) can be reduced to approximately 25% of the original value (electricity for fans of conventional air systems) [8] .
High thermal mass to reduce peak loads
In an RHC system with high thermal mass (e.g. TABS), structural floors or slabs can be exploited to store energy. The use of a high thermal mass is effective to flatten energy demand peaks [45e48]. It has been claimed that the cooling capacity of a chiller can be reduced by up to 50% for a building with TABS installed [46, 49] . In terms of the water distribution system, if the RHC system is properly designed so that it can take advantage of thermal mass, it is often possible to only operate the pump during the nighttime [50, 51] , which results in the significant reduction of energy peaks and electricity costs.
High efficiency for heat sources
In terms of heat sources, the higher water temperature of radiant cooling systems and the lower water temperature for radiant heating systems enable a chiller, heat pump, boiler etc. to operate at a higher efficiency, which leads to the significant reduction in primary energy consumption. Higher temperature cooling facilitates the use of a higher chilled water supply system or low-lift chiller system, in which the evaporator temperature can be higher than that of the conventional chiller, reducing the compressor work and the energy consumption [52] . Since the RHC system can operate under the condition of the water temperature being close to the room temperature, it is feasible to combine the RHC system with renewable energy sources such as geothermal or solar energy [53e56].
5)
What types of computer simulations are available for analysis of the energy performance of the RHC system?
Extensive studies have been conducted on methods of analyzing the energy performance of the RHC system. The heat transfer mechanism, which is the starting point of the energy analysis, has been investigated by using analytical solutions [45, 46] , numerical solutions such as finite difference method [31] or finite volume method [57] , and building energy simulation tools. In particular, various research on integrating system modules (e.g. radiant slab, hydronic components, boiler, chiller, etc.) into existing simulation programs has been carried out. Therefore, the RHC system is included in all major dynamic building simulation programs for analyzing energy performance and indoor environment [58] .
Strand and Pedersen [59] integrated a radiant heating and cooling model into a building energy simulation program, based on the conduction heat transfer method. In the simulation, a heat balance engine calculates heating and cooling loads, and the loads are then passed to the building system simulation module, which calculates the heating and cooling system response [60] . The RHC model is defined as a 'zone equipment', which can be connected with a hydronic loop, thermostat, control valve, primary system, and so on [61] .
Laouadi [62] implemented a semi-analytical model of the RHC system in the energy simulation, where the RHC model is composed of two sets: a one-dimensional numerical model to analyze heat transfer within the building and a two-dimensional analytical model to calculate the heat transfer within the radiant medium, as described in Fig. 4 [62] . At each timestep, the twodimensional analytical model determines the net heat flux from the radiant system, which is then passed to a user selected node in the one-dimensional floor structure [63] .
Weber and J ohannesson adopted an RC-network model to simulate TABS as well as a surface radiant system [64] . For analyzing floor heating or cooling, a heat exchanger model is inserted into a piping layer, which divides the floor construction into two parts (above and below the heated/cooled layer), as shown in Fig. 5 . Heat transfer is calculated with a logarithmic temperature difference between the water and the active layer, which is treated as an infinitely conductive plane in the floor slab [65] .
Koschenz and Dorer developed a combined RC-conduction transfer model of TABS (Fig. 6 ) and integrated it in the multi-zone model of a building [45] . The TABS layer is incorporated into the layer definition of the wall, ceiling or floor. The model is applicable to analyze the TABS and can be connected with various mechanical components such as a mixing valve, manifold, boiler, chiller, storage system, controllers, and so on.
As the RHC system is often coupled with ventilation systems for ventilation and latent load handling, the simulation needs to consider the effect of air movement, thermal stratification and thermal uniformity in a space. In addition, the temperature distribution in a radiant surface can affect the thermal capacity or heat transfer coefficient of the RHC system [66] . Computational fluid dynamics (CFD) simulation can be applied to investigate these characteristics and improve the reliability of performance evaluation for the RHC system.
In a numerical study using CFD simulation, Myhren and Holmberg concluded that low temperature heating systems improve indoor climate, reduce the air speed, and reduce temperature difference in the room compared to conventional radiator system. It was also shown that the low temperature heating can lead to energy saving by lowering the room temperature by up to 1.5 K while attaining the desired comfort level [67] . Catanlina et al. analyzed thermal comfort in a room with radiant ceiling panel through a combined CFD and experimentation study, where measured data was utilized as the boundary conditions of CFD. The results demonstrated that the cooling ceiling can lower vertical air temperature gradient and can obtain the thermal comfort even for higher metabolism rates or clothing insulation, implying the potential of energy saving [24] . Ning et al. established a CFD model to calculate the surface temperature distribution and cooling capacity for a ceiling panel. CFD analysis results showed that the uniform surface temperature distribution in the ceiling panel can increase the cooling capacity by 43%e46% [68] . Xie et al. conducted CFD simulations to show that temperature non-uniformity in a radiant panel is dependent on inlet water temperature and tube spacing, which also affect the cooling capacity of the ceiling radiant panel [66] . Tye-Gingras and Gosselin developed a CFD model coupled with a semi-analytical radiant panel model, by which the panel surface temperature distribution and local heat transfer coefficients can be fed back to each model at each time step. This coupled approach was used to acquire the optimum solution of panel design for maximizing comfort and minimizing energy consumption of hydronic heating panels [69] . Kim et al. suggested a CFD model coupled with a radiative heat transfer simulation and HVAC control system, by which the required cooling load for achieving the same thermal sensation was evaluated for an all-air system and radiant panel system [70] .
For more accurate and extensive analysis of energy performances, some research has been carried out by combining building energy simulation (BES) and computational fluid dynamics (CFD), coupling different simulation tools for analyzing multi-physics in the RHC system (e.g. hydraulic-thermal coupled analysis) and integrating experimental and simulation methods.
Design and dimensioning
6)
What are the main parameters that determine heating and/ or cooling capacity of the RHC system?
Essentially, the capacity of the RHC system is determined by the Fig. 5 . Modified RC-network model for TABS [64] . . One-dimensional model to calculate heat transfer through concrete slab [45] .
heat transfer at each element in the RHC system. This depends on the heat exchange between the radiant surface and the occupied space (convective and radiant heat exchange coefficient), the heat conduction between the surface and the tubes (surface material, type of concrete, type of piping system, slab thickness, and tube spacing), and the heat transport by water (water flow rate and temperature difference between supply and return) [5] . The heat exchange coefficient is a parameter that determines the amount of heat transferred between a surface and the occupied space. Since the total heat transfer is composed of radiant and convective heat transfer, radiant and convective heat transfer coefficients need to be considered to determine the thermal capacity of the RHC system. In general, the radiant heat transfer coefficient can be considered about 5.5 W/m 2 K, while the convective heat transfer coefficient can vary between 0.3 and 6.5 W/m 2 K, depending on the position and temperature of the heated or cooled surface. Table 1 summarizes the heat transfer coefficients proposed in previous studies on the RHC system.
At a given average surface temperature and indoor temperature, a surface will deliver the same amount of heat flux to a space regardless of the embedded radiant system type [44] . In practical applications, the heating and cooling capacities of the RHC system are determined based on the following equations from ISO 11855 [10] where, t o is the operative temperature of the space and t s;m is the average surface temperature. The above-mentioned heat transfer coefficients are used to estimate the thermal capacity based on the heat transfer at the radiant surface. This approach is accepted as an efficient way to assess the system feasibility and as a basis for detailed design and operation conditions [78, 79] . The other approach for the estimation represents the thermal capacity with a lumped thermal resistance and a mean temperature difference between the water and the room, as formulated in Eqs. (5)e(6) [80] . This approach exploits product data from the manufacturer in order to relate the thermal capacity to the system configuration and the water temperature.
where K is the thermal resistance associated with surface heat transfer coefficients, the resistance of conductive layer, the resistance between pipe and water, etc. T s , T r , and T o is supply water temperature, return water temperature, and room operative temperature, respectively. The thermal resistance K can be determined by the calculation method in ISO 11855, where details about the related parameter are provided for different system types. In addition to the calculation method, testing methods are available to determine the thermal resistance K for radiant ceiling panels (ASHRAE 138 [21] or EN 14240 [20] ) and for embedded systems (EN 1264 [18] ) [80] .
7)
What is the difference, if any, in cooling load calculation between radiant and air systems?
The calculation of cooling load can be regarded as a starting point for determining the cooling capacity and sizing HVAC equipment for radiant cooling systems. In traditional methods, the cooling load is defined as the rate at which sensible and latent heat must be removed from the space to maintain a constant space air temperature and humidity [81, 82] . While the heat gains are composed of convective and radiant components, it is assumed that the convective component is removed immediately, contributing to the cooling load. The radiant component is first absorbed in internal surfaces and eventually transferred by convection to the air, contributing to the cooling load with some time delay. The time delay effect of radiant heat gain is taken into account using heat balance method [82] , transfer function [83] , radiant time series [84] , and so on. However, these methods are based on the assumption that an air system is used for removing the heat gains [11] .
Compared to traditional air systems, radiant systems remove heat gains by different heat transfer paths (radiant heat transfer). Radiant surfaces cool other inside surfaces, resulting in higher heat gain through the building. In addition, radiant heat exchange with non-active surfaces can reduce heat accumulation in the building mass, affecting peak loads [85] . As a result, the revised definition of cooling load for radiant systems needs to be considered. By defining radiant cooling load as "the heat removed by the radiant ceiling panels", Feng et al. [11] showed that the peak cooling load of a radiant ceiling cooling system can be 7%e35% higher than that of an air system. It has been claimed that the reason of cooling load difference is due to the reduction of heat accumulation in the building mass due to the direct removal of radiant heat gains, and heat absorption by non-active surfaces due to relatively higher air temperature [11, 85] . Nui et al. conducted a study on cooled ceiling dynamics showing that the direct heat absorption due to cooled ceiling reduces the heat capacity of the building envelope, resulting in increased cooling load [86] . Considering this difference in cooling load, Feng et al. proposed a revised calculation scheme for the cooling load of radiant systems, as illustrated in Fig. 7 .
In addition, the direct absorption of radiant heat gain significantly affects the cooling load of buildings with high solar radiation. The radiant floor in Suvarnabhumi International Airport in Bangkok, Thailand was designed to remove 70e80 W/m 2 of heat and the radiant floor could absorb up to 50 W/m 2 by radiation [87] .
The potential for radiant cooling systems to achieve higher cooling capacity with solar radiation has been the subject of numerous studies, and certain coefficients representing the improvement of steady-state heat transfer have been proposed [88e90]. Causone et al. [89] defined and calculated the direct solar load (DSL) in order to quantify the solar heat gain directly converted to cooling load due to the action of the radiant ceiling cooling system. A cooling load calculation scheme was also suggested using the ratio (so called F-ratio) of solar heat gain directly converted to cooling load. As the F-ratio was estimated with the steady-state calculation using a lighting simulation, Feng et al. proposed a new equation to calculate the dynamic effect of direct solar radiation on the capacity of the radiant floor cooling. By using dynamic simulation, it was shown that the solar radiation absorption can increase the cooling capacity up to 130e140 W/m 2 [80] . Similarly, Arcuri et al. [91] suggested the direct water load (DWL) to evaluate the real cooling capacity of a radiant ceiling panel, because the DWL is immediately removed by the radiant surface and it does not contribute to the cooling load of the indoor environment.
Control
8)
What type of control parameters are commonly used for the RHC system? Which control methods are effective for thermal comfort and energy saving?
In practical applications, supply water temperature and water flow rate are commonly used for the RHC system controls. An outdoor temperature reset control is typically applied, which modulates the supply water temperature depending on the outdoor air temperature and controls water flow rate to each room according to the room set point temperature [23, 92] . It is also recommended that the average water temperature (mean value of supply and return water temperature) be controlled according to the outside and/or indoor temperature because this can result in faster and more accurate control of the thermal output to the space [23] .
In certain cases, the slab or floor surface temperatures could be used as a controlled parameter in order to improve energy efficiency or to avoid local discomfort [93, 94] . It has been suggested that the floor surface temperature needs to be selected as a control parameter of radiant floor cooling systems, in order to avoid overcooling of the floor due to the sudden increase of cooling loads [31] . In a building with a radiant floor heating system, the improper installation of a sensor that measures the floor surface temperature can lead to under-heating or local over-heating conditions, especially when the floor covering and solar radiation significantly affect the temperature distribution in the floor surface [53] . When the TABS is used as a primary heating system for comfort heating, the heating system should be wired in series with a slab-sensing thermostat, which acts as a limit switch to control the maximum surface temperatures (27 Ce29 C) [6] .
For the system configuration, Fig. 8 shows the principal diagram for the RHC system control [16] . By using the shut off valve (SOV), a type of three-way diverting valve, hot or chilled water can be selectively circulated in a hydronic loop. The mixing valve (MX) is used to control the supply water temperature depending on the outdoor air temperature. Control valves installed in the manifold are used to control the water flow rate to each thermal zone. Although this configuration can provide both heating and cooling, it should be noted that the design water flow rate to each zone can differ from season to season because heating and cooling loads in a multi-zone building will vary with the season. In this case, the Fig. 7 . Cooling load calculation schemes for air and radiant system [11] . application of dynamic balancing could be feasible in order to supply different design water flow rates for the heating and cooling seasons [95] .
In particular, much attention should be paid to control the radiant cooling system to prevent surface condensation. To do this, the supply water temperature should be controlled so that the surface temperature does not become less than the highest dewpoint temperature in the conditioned zones [31] . This can be effectively achieved by limiting the supply water temperature to be higher than the dew-point temperature.
For the improved comfort and further energy savings, individual room temperature controls need to be implemented in buildings with several thermal zones [96] . For the indoor temperature, it is preferable to control room temperature as a function of the operative temperature in order to achieve better thermal comfort [97] . 9) What control strategies can be applied to overcome the difficulty in the control (e.g. under-cooling or over-heating problems) of the high thermal mass RHC system?
Radiant systems with large surface areas and small temperature differences between surfaces and the occupied space have a significant level of self-regulation. Small changes in room temperature will significantly change the heat exchange. The systems are thus not responding slowly to compensate for changes in internal loads, etc. However, if room temperature level needs to be changed during the day, the thermal inertia of the systems is important.
Due to the thermal mass of the radiant structure, the continuous operation with a water temperature that is too low or too high can result in under-cooling or over-heating problems [51] . In addition, the high thermal inertia of TABS can often cause difficulty in the control; different comfort requirements of the different rooms included in the same hydraulic zone, the need for manual switching between the heating and cooling mode, unnecessarily high energy consumption for water circulation, and so on [47] .
It has been reported that these problems can be solved by limiting the operation time (e.g. operating the system only during the nighttime) or using intermittent operation of the circulation pump. Gwerder et al. suggested an intermittent operation with pulse width modulation (PWM) control, considering the prediction uncertainty of heat gains during operation [47] , which proved to reduce the pumping energy by 50% more than the continuous pump operation [98] . Olesen et al. also demonstrated that the operation time of the TABS can be limited by operating the system only during nighttime or using an intermittent operation for the circulation pump [50] .
In order to comply with the different comfort requirements, TABS needs to be designed with proper zoning and needs to be operated with a zone control by which the supply water temperature or the flow rate can be controlled from zone to zone [51] . As each zone can require its own heating and cooling curve, rooms with similar heat gains need to be grouped together [99] . It is essential to separate the building into sufficient zones with TABS, because under-cooling can occur when a low temperature is used for rooms with low heat gains or for unoccupied rooms [49] . The topology of the distribution system should also be carefully designed to cope with the different heating and cooling curves of each zone [99] . In order to handle the different heat gains and comfort criteria in the different rooms aggregated into the same hydronic circuit, Gwerder et al. developed the unknown but bounded (UBB) concept, by which heating and cooling curves are defined based on the upper and lower bounds of heat gains [47] . It was shown that this control strategy enables the automated control of TABS, while allowing automatic switching between cooling and heating modes for variable comfort criteria.
In the most recent review on the control of TABS, Romani et al. [100] classified the control strategies into on/off criteria (including night operation and intermittent operation), supply temperature control, pulse width modulation, model predictive control, adaptive control, and gain scheduling control. Among the control strategies, the supply temperature control with heating and cooling curves was reported as common for most TABS controls [100] . A dynamic simulation study [50] showed that the control of water temperature (supply or average) as a function of outside temperature could provide the best comfort and energy performance.
Some advanced strategies such as model predictive control (MPC) have been proven to be effective to overcome under-cooling or over-heating problems. The predictive control adjusts the heat supply in advance and counteracts the long response time of the embedded heating system [101] , which is effective in mitigating the under-cooling or over-heating. Zakula et al. implemented an MPC to determine the cooling strategy based on weather and load prediction during the next 24 h [102] . Feng et al. suggested a first order MPC model to define the valve opening that minimizes energy consumption and uncomfortable time duration [103] . A predictive control using artificial neural network (ANN) was proven to mitigate over-heating in buildings with a radiant floor heating system [104] , as shown in Fig. 9 . It has been claimed that a generalized predictive control (GPC) can compensate for not only a large thermal lag but also the set-point temperature change [105] . The MPC was implemented into a real controller, proving that it can proactively guide the system transit from an unoccupied to an occupied condition while maintaining acceptable thermal comfort.
Comprehensive models used to represent the MPC have been developed using Simulink [101] , EnergyPlus [106] , and TRNSYS [107] . To implement the MPC in a real building, most MPC formulations exploit the linearized state-space models, discretized versions of physics-based models or a simple linear model, because the controller is usually developed on a simpler physics-based and data-driven model [108] . Further control strategies for predictive control can be found in other previous works [109e112].
10) What strategies should be applied to prevent the condensation problem with the radiant cooling system, especially in hot and humid climates? Table 2 lists previous studies that demonstrated the feasible application of the radiant cooling system in hot and humid climates. Saber et al. [113] demonstrated the applicability of radiant cooling panels coupled with a dedicated outdoor air system (DOAS) (Fig. 10) in the hot and humid climate of Singapore. Chiang et al. claimed that a supplementary ventilation system is indispensable when implementing a radiant cooling system in the subtropical climate of Taiwan, because the ventilation system can enhance the cooling capacity of the cooling ceiling [114] . Memon et al. showed that cooling towers can be used to regenerate cooling water for the radiant cooling system in the hot and humid climate of Pakistan [115] . Simmonds et al. demonstrated that the radiant floor cooling system can be successfully applied to the large public space of Bangkok airport, where a variable-volume displacement ventilation system was installed, combined with a radiant floor cooling system, in order to cope with a large latent load [87] , as illustrated in Fig. 11 [116] . Song et al. [117] showed that a radiant floor cooling system integrated with a dehumidified ventilation system can solve the condensation problem in the hot and humid season of Korea. Kim and Leibundgut [118] demonstrated that radiant panels connected with a convective terminal can not only prevent surface condensation but also increase the overall cooling capacity in a tropical climate. Several researchers have shown that radiant cooling systems are successful in hot and humid climates when combined with the desiccant cooling for removing latent load [119e123], as illustrated in Fig. 12 .
To prevent condensation on cooled surfaces, the supply water temperature must be controlled at a higher than dew-point temperature of the conditioned space. Although the dew-point temperature distribution can be non-uniform in the conditioned room, it is somewhat difficult to deploy dew-point sensors with high spatial resolution due to the limitation of cost, maintenance, and so on. For practical reasons, Jin et al. [135] suggested that the dewpoint temperature above the wet source should be monitored and control measures should be taken to prevent the condensation. Lim et al. [31] suggested that the supply water temperature for floor cooling should be determined according to the dew-point temperature of the most humid room, while the water flow rate should be controlled for individual rooms. If the space is cooled by multiple panels, a dew-point sensor can be placed at the inlet to the first radiant panel for each group controlled by a control valve [136] . In practical applications, several dew-point sensors can be placed in different rooms or zones, and the maximum dew-point temperature is used to control the supply water temperature [137] . The optimum location and/or numbers of the dew-point sensor is dependent on the climate, building use, internal gains and so on; therefore, further studies are needed to determine the location and/ or number of the dew-point sensors with sufficiently high resolution, in order to minimize the condensation risks in non-uniform thermal environments.
A sudden increase of internal load or humid infiltration can deteriorate the stability of the condensation control. In particular, an increased occupancy in conference rooms or local high infiltration rates, which are often caused by opened windows or building entrances [78] , can become a disturbance to control the humidity. Under this condition, the radiant cooling system should respond quickly to the disturbance; however, its rate of response is limited due to the high thermal inertia. For this reason, the condensation control strategies should be implemented with the safety margin of 1e2 K. Song et al. showed that the difference between the floor surface and dew-point temperature should be controlled to be always greater than or equal to 2 K considering the safety rate [117] . With regard to the chilled ceiling system, Hao et al. claimed that the surface temperature of the chilled ceiling should be at least 1 K higher than the dew-point temperature of the indoor air in order to prevent the condensation on the chilled ceiling [27] . Fig. 9 . Mitigation of the overheating by predictive control (Model A: predictive control, Model B: 2-position on/off control) [104] . [117] Seoul, Korea Residential Dehumidified ventilation system for radiant floor cooling 16e24 C Outdoor reset control and indoor temperature feedback control is effective to lower dew-point temperature and to respond to internal load changes. Seo et al. [126] Seoul, Korea Residential Controlled outdoor cooling system for radiant floor cooling Not specified Condensation is prevented by operating 'outdoor air cooling' unit when temperature difference between floor surface and dewpoint is less than 2 C Binghooth and Zainal [127] Malaysia Environment chamber
Desiccant wheel for chilled ceiling 6e10 C Due to humidity reduction by desiccant wheel, condensation does not occur when the panel surface temperature is 14 C with RH is 50%. Kang Zhao et al. [128] Xi'an, China Airport Displacement ventilation for radiant floor cooling 14e18 C Dry fresh air (20 C, 8e10 g/(kg DA)) forms a "dry air layer" that protects the radiant floor surface from condensation. Hu and Niu [129] Beijing Novoselac and Srebic proposed that the ceiling surface temperature should be 1 K above the dew-point temperature of the exhaust air [138] . For TABS, Olesen et al. claimed that the supply water temperature should be controlled to be equal to the dew-point temperature of the occupied space in order to provide the maximum amount of cooling without condensation risks [50] . Fig. 10 . Radiant cooling system coupled with DOAS system [113, 123] . Fig. 11 . Schematic of the radiant floor cooling system in Bangkok Airport [87, 116] .
Since this limitation of the water temperature would lower the cooling capacity, a dehumidification system needs to be integrated with the radiant cooling system in humid climates [31, 126, 139] , as shown in Fig. 13 . This integration can reduce the indoor humidity level and allow a higher cooling capacity of the radiant system [23] . Considering that condensation often occurs during the start-up period, it is also recommended to apply an earlier start of the ventilation system and gradual start of the radiant cooling system [2, 37, 140, 141] . The air dehumidification and ventilation system should be operated at least 1 h earlier than the operation of the ceiling panels. Otherwise, condensation can occur. However, if a building is well sealed and the air infiltration rate is less than 0.05 h À1 at night, condensation does not occur even without an earlier operation of the dehumidification [122] . Besides the control strategies such as limiting the water temperature or reducing the dew-point temperature, an alternative can be implemented by using window contacts that cut off the water supply when windows are open [8] .
Summary and conclusions
Since the radiant heating and cooling system was introduced as a solution for environment control system, it has proven to be comfortable and energy-efficient technology for the built environment. Many studies, including field research and surveys, have demonstrated that the RHC system could improve thermal comfort levels by providing a uniform thermal environment and minimizing local discomfort compared with conventional air systems. Energy analysis using dynamic building simulation has shown that the RHC system can enhance energy saving potential by utilizing radiant heat transfer, high thermal capacity of water, the high thermal mass and integration with renewable energy sources.
For the design and dimensioning of the RHC system, many studies have determined the proper heat transfer coefficients for radiant surfaces, which are essential for estimating thermal output by the RHC system. Several important heat transfer coefficients have been defined in the international standard ISO 11855, which deals with the comfort criteria, determination of heating and cooling capacity, design and dimensioning, installation, and control of the RHC system.
For improving thermal comfort and energy performances, control strategies need to be used for the RHC system, such as average water temperature control depending on outdoor temperature, predictive control models, hydronic balancing strategies, and so on. The incorporation of a ventilation system with the RHC system makes it possible to cope with latent load and to prevent condensation risks, demonstrating that the radiant cooling system can be successfully implemented even in hot and humid climates. Fig. 12 . Chilled ceiling system with desiccant cooling for a hot and humid climate [27] . Fig. 13 . Radiant floor cooling system coupled with dehumidification system [126] .
It is clear that the numerous studies have established the fundamental theory of the RHC system and have demonstrated its feasibility for controlling the built environment in energy-efficient ways. Responding to the strengthened energy regulations or increased living standards, further studies as outlined below would be necessary to improve the system performance and to extend the application of the RHC system [43] .
-Coupled simulation between dynamic energy simulation and computational fluid dynamics -Integrated analysis of thermal-hydraulic interaction in multizone building equipped with hydronic RHC systems -System design and control for the RHC system that serves both heating and cooling -Implementation of the current advanced control strategies into multi-zone control -Co-operative control of the RHC system and the building management system (BMS) (e.g. shade control for reducing solar heat gain, operable window control associated with condensation control, etc.) -Practical and simplified technology for sensing radiant temperatures -Optimization of hydronic network system in terms of pressure, flow rate and pumping energy -Direct/indirect use of renewable energy as a heat production source
